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Abstract: We introduce phase-change material Ge2Sb2Te5 (GST) into metal-insulator-metal 
(MIM) waveguide systems to realize chipscale plasmonic modulators and switches in the 
telecommunication band. Benefitting from the high contrast of optical properties between 
amorphous and crystalline GST, the three proposed structures can act as reconfigurable and 
non-volatile modulators and switches with excellent modulation depth 14 dB and fast response 
time in nanosecond, meanwhile possessing small footprints, simple frameworks and easy 
fabrication. This work provides new solutions to design active devices in MIM waveguide 
systems, and can find potential applications in more compact all-optical circuits for information 
processing and storage. 
Keywords: metal-insulator-metal, phase-change material, plasmonic modulator, plasmon-
induced transpareny 
1. Introduction 
Facing the increasing demand for information quantity and transmission rate, today’s electronic 
integrated devices will be unable to afford roles in future chipscale systems due to the 
fundamental limits [1]. As a promising solution, photonic integrated devices can break the 
blocks by using light as the carrier of information. To construct basic photonic circuits, 
dielectric waveguides (such as silicon waveguide) have been widely studied for decades [2,3]. 
However, the scale of a dielectric waveguide cannot go smaller than the working wavelength 
due to the diffraction limit, which restricts the integration and compactness of photonic 
integrated chips [1]. Recently, surface plasmon polariton (SPPs), which are the surface 
electromagnetic waves supported at the interface between metal and dielectric, have attracted 
more attention due to the capacity to break the diffraction limit [1]. SPPs also introduce 
plasmonic waveguides, which can deliver light in sub-wavelength scale [4,5]. Especially, 
plasmonic metal-insulator-metal (MIM) waveguides possess good confinement of light, low 
bending loss, easy fabrication and acceptable propagation length, therefore can be potential 
platforms for future more compact all-optical integrated circuits [6-9]. 
As the promising next-generation on-chip photonic system, MIM system has supported various 
chipscale passive devices such as filters [10,11], demultiplexers [12,13], sensors [14,15] and 
spacers [16,17]. However, active devices are also required in such system. Therefore, optical 
materials with tunable properties have been utilized to realize dynamically tunable 
functionalities. For example, nonlinear materials have been used to realize all-optical tunable 
filters, logic gates and diodes [18-20]. Lasers, switches and slow light enhancement can be 
achieved by integrating gain materials [21-23]. Two-dimension (2D) materials have contributed 
to the active manipulation of MIM waveguides as well [24-26]. Some novel optical concepts, 
such as epsilon-near-zero (ENZ) effects and non-PT-symmetry, have also been made possible 
in MIM systems assisted by optical materials [27,28]. Obviously, optical materials will play an 
important role in active systems, and it is essential to explore more outcomes from the 
combination between MIM waveguides and novel optical materials. Recently, phase-change 
materials (PCMs), such as Ge2Sb2Te5 (GST), have drawn more attention. GST possesses 
tremendously different optical properties from amorphous to crystalline states. Such phase 
transition can be triggered by thermal, electrical or optical schemes, has an ultrafast switching 
time in nanosecond (ns) or even sub-ns, and is usually reversible [29]. Up to now, GST has 
been regarded as a strong candidate for realizing reconfigurable and non-volatile all-optical 
devices for data processing and storage [30], and many applications have been proposed such 
as on-chip memory elements [31-33], all-optical switching [34-36] and reconfigurable 
metasurfaces [37-39]. 
Here, we introduce GST into MIM systems to realize chipscale plasmonic modulators and 
switches in shortwave infrared (SWIR) telecommunication regime. Combining metal-silicon-
metal (MSM) waveguides and metal-GST-metal (MGM) resonators, we numerically propose 
three typical MIM structures, including end-coupled rectangular resonator, side-coupled stub 
resonator and two mutually coupled resonators, to investigate their performances on 
transmission modulations. Due to the phase transition of GST, the effective refractive index 
inside MGM resonators can be actively tuned with high contrast, consequently leading to the 
significant shifts of resonant wavelengths. Benefitting from this, the three proposed structures 
can act as reconfigurable and non-volatile modulators and switches with excellent modulation 
depth and fast response time, meanwhile possessing small footprints, simple frameworks and 
easy fabrication. This work provides new solutions to design active devices based on MIM 
systems, and can find potential applications in future on-chip all-optical circuits. 
2. Structures, materials and methods 
The first proposed structure is depicted in Fig. 1, consisting of input and output MSM 
waveguides end-coupled with an MGM rectangular resonator. The geometric parameters are as 
follows: the width of waveguide w= 50 nm, the gap g= 20 nm, and the length of resonator L= 
120 nm.  
 
Fig. 1 The schematic of the first structure. 
 
In Fig. 1, the grey area is silver (Ag), the dielectric constant of which is defined by the Drude 
model [10]: 
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Where mε  is the dielectric constant of Ag, ε∞  is the dielectric constant at infinite frequency, 
pω  is the bulk plasma frequency, γ  is the electron oscillation damping frequency, and ω  is 
the angular frequencies of incident waves. The parameters of Ag are as follows: ε
∞
=3.7, pω
= 1.38×1016 Hz, and γ = 2.73×1013 Hz. The waveguides are filled with silicon (Si) due to the 
low dispersion and loss in SWIR which is shown in red in Fig. 1, and the corresponding optical 
constant (n+ik) are presented in Fig. 2 [40]. GST possesses dramatically different optical 
properties between the amorphous (aGST) and crystalline state (cGST), the corresponding 
optical constants are also shown in Fig. 2, respectively [41]. We can see that there is a high 
contrast in refractive index between the two states, and cGST possesses much more intrinsic 
loss than aGST in SWIR. The effective dielectric constants of GST with different crystallinities 
are predicted by the Lorentz-Lorenz relation [42]: 
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Here, aGSTε  and cGSTε  are dielectric constants of aGST and cGST, respectively. C is the 
crystallization fraction of GST from 0 to 1.  
 
Fig. 2 (a) The refractive index of amorphous GST, crystalline GST and silicon. (b) The extinction coefficient of 
amorphous GST, crystalline GST and silicon. 
 
In the MIM waveguide, only fundamental transverse-magnetic (TM) mode exists. The 
dispersion of fundamental mode is described as follows [6]: 
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Where iε  is the dielectric constant of the insulator (Si or GST), 0 02k pi λ=  represents the 
wavevector in free space, and β  is the wavevector of SPPs inside the MIM waveguide. The 
effective refractive index is defined as 0effn kβ= . The calculated effn  of fundamental TM 
mode in the MSM waveguide as well as the MGM waveguide in different crystallization 
conditions are shown in Fig. 3(a) and (b). The profile of fundamental TM mode in the MSM 
waveguide is presented in Fig. 3(c), and the mode in the MGM waveguide has the similar 
profile. 2D Finite-Difference Time-Domain (FDTD) method is applied to do the simulation, the 
mesh size is set as 3 nm to ensure the accuracy, and the boundary condition is set as perfectly 
matched layers (PMLs) to maintain convergence. Two power monitors are placed at input and 
output respectively, and the distance between the two monitors is d= 500 nm. The transmission 
is calculated following T= Pout/Pin. 
 
Fig. 3 (a) The real part of effective refractive index. (b) The imaginary part of effective refractive index. (c) The 
profile of fundamental TM mode in the MSM waveguide. 
 
3. Results and discussions 
The transmission spectrum of the structure in Fig. 1 corresponding to different phase states of 
GST are shown in Fig. 4(a). In MIM system, such structure is a typical band-pass filter. The 
rectangular resonator acts as a Fabry–Perot (F-P) resonator, only resonant wavelength can be 
coupled into this resonator from the input waveguide, and released to the output waveguide. 
The resonant condition is as follows [43]: 
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Here, m is the mode number, which is an integer. ϕ  is the phase shift induced by the reflection 
at the insulator-metal interface. As shown in Fig. 4(a) in blue, the passed resonant wavelength 
is 1527 nm when GST is in amorphous state, the transmission of which is 44%. The 
corresponding magnitude of magnetic field |H| distribution is shown in Fig. 4(b), from which 
we can see that there exists a F-P mode with m= 1 in the rectangular resonator, and SPPs can 
pass through such structure. However, When GST comes to crystalline state, the transmission 
peak will have a red shift due to the increase of Re( )effn  as shown in Fig. 4(a). Meanwhile, 
the amplitude of the peak will decline caused by the rise of material loss. Benefitting from this, 
the transmission at 1527 nm can be actively tuned from 44% to 1.8%, the corresponding |H| 
distribution is shown in Fig. 4(c), showing that transmitted SPPs is suppressed. To evaluate the 
performance of transmission modulation, the modulation depth (MD) is defined as follows: 
 max min
max
T -T
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T
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Where maxT  and minT  are maximum and minimum transmission values, respectively. For 
convenience, we also provide modulation results in log scale: 
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The corresponding modulation results are shown in Table. 1. From the aGST to cGST, the MD 
can reach 96% (13.8 dB). Such modulation is much better than previous similar works based 
on MIM structures [44-48], meanwhile possesses comparable response time. 
  
Fig. 4 (a) The transmission spectrum corresponding to different phase states of GST. (b) The |H| distribution at 1527 
nm in GST amorphous state. (c) The |H| distribution at 1527 nm in GST crystalline state. 
 
Table 1. The transmission as well as insertion loss in different GST states and the modulation depth. 
GST state a 25% c 50% c 75% c c MD 
T 44% 16% 6.3% 3.1% 1.8% 96% 
IL 3.6 dB 8.0 dB 12.0 dB 15.1 dB 17.4 dB 13.8 dB 
 
Next, we introduce the second structure, a main MSM waveguide side-coupled with an MGM 
stub resonator, as shown in Fig. 5. The geometric parameters are as follows: w= 50 nm and L= 
200 nm. The other parameters are unchanged. 
 
Fig. 5 The schematic of the second structure. 
 
Such structure is a typical band-stop filter in MIM system. The stub resonator can be seen as a 
semi F-P resonator, can trap the resonant wavelength and prevent it from passing, the resonant 
condition is as follows [49]: 
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Where n is the mode number. The transmission spectrum corresponding to different phase states 
of GST are shown in Fig. 6(a). Due to the high contrast between the refractive index of aGST 
and cGST, a giant red shift of transmission dip happens. Consequently, the transmission at 1513 
nm can be modulated from 2.1% (16.8 dB) to 57% (2.4 dB), leading to an excellent MD 96% 
(14.4 dB), the details are given in table. 2. The |H| distribution at 1513 nm corresponding to 
aGST and cGST are depicted in Fig. 6 (b) and (c), respectively, indicating n= 1.  
 
Fig. 6 (a) The transmission spectrum corresponding to different phase states of GST. (b) The |H| distribution at 1513 
nm in GST amorphous state. (c) The |H| distribution at 1513 nm in GST crystalline state. 
 
Table 2. The transmission as well as insertion loss in different GST states and the modulation depth. 
GST state a 25% c 50% c 75% c c MD 
T 2.1% 19% 41% 52% 57% 96% 
IL 16.8 dB 7.2 dB 3.9 dB 2.8 dB 2.4 dB 14.4 dB 
 
The last structure is shown in Fig. 7, including a main MSM waveguide side-coupled with a 
stub resonator and a rectangular resonator. The geometric parameters are as follows: h= 45 nm, 
g= 15 nm, L= 110 nm and w= 50 nm. The other parameters are unchanged. 
 
Fig. 7 The schematic of the third structure. 
 
Such structure can produce plasmon-induced transparency (PIT) effect, which is a special case 
of Fano resonance. When this is only stub resonator, a transmission dip exists as shown in Fig. 
8(a) in blue. However, when the rectangular resonator is coupled upside the stub resonator, a 
transmission peak will appear at the position of the original dip as given in Fig. 8(a) in green, 
which is called PIT. Such effect attributes to the near-field interaction between the mode in the 
stub (radiative mode) and the mode in the rectangle (subradiant mode). When the two modes 
have close resonant wavelengths, constructive interference will happen between the two modes, 
consequently leading to that transparent window [50].  
 
Fig. 8 (a) The transmission spectrum corresponding to only stub as well as stub plus rectangle. (b) The transmission 
spectrum corresponding to aGST and cGST. (c) The |H| distribution at 1479 nm in aGST. (d) The |H| distribution at 
1479 nm in cGST. 
 
Here, we utilize GST to tune the resonant wavelengths of the subradiant mode, and further 
control the interference to realize switching. When GST is amorphous, the resonant 
wavelengths of radiative and subradiant modes are close to each other, therefore leading to an 
induced transparent peak at 1479 nm as shown in Fig. 8 (b) in blue. However, when it comes 
to cGST, the resonant wavelength of subradiant mode is shifted away, leading to no interference 
i.e., a transmission dip at 1479 nm as shown in Fig. 8(b) in green. The corresponding |H| 
distributions are given in Fig. 8(c) and (d), respectively. The transmission at 1479 nm can be 
switched from 55% (2.6 dB) to 2% (17.0 dB), the MD can be up to 96% (14.4 dB), which is 
promising for all-optical switching. 
4. Conclusion 
In summary, we investigate three structures to show that, GST can be efficiently utilized to 
construct the high-performance modulator and switch in the plasmonic MIM system, and it is 
the first time to introduce GST into MIM system so far as we know. Besides, this work focuses 
on telecommunication band, aiming to provide more solutions for on-chip photonic systems for 
information processing. Furthermore, the small footprint and easy fabrication of proposed 
structures can have advantages in applications on future more compact all-optical circuits. 
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